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doi:10.1016/j.kjms.2011.03.004Abstract An objective, fast, and reasonably accurate assessment test that allows for easy
interpretation of the responses of the hearing thresholds at all frequencies of a conventional
audiogram is needed to resolve the medicolegal aspects of an occupational hearing injury. This
study evaluated the use of dichotic multiple-frequency auditory steady-state responses (Mf-
ASSR) to predict the hearing thresholds in workers exposed to high levels of noise. The study
sample included 34 workers with noise-induced hearing impairment. Thresholds of pure-tone
audiometry (PTA) and Mf-ASSRs at four frequencies were assessed. The differences and corre-
lations between the thresholds of Mf-ASSRs and PTA were determined. The results showed
that, on average, Mf-ASSR curves corresponded well with the thresholds of the PTA contours
averaged across subjects. The Mf-ASSRs were 20 8 dB, 16 9 dB, 12 9 dB, and 11 12 dB
above the thresholds of the PTA for 500 Hz, 1,000 Hz, 2,000 Hz, and 4,000 Hz, respectively.
The thresholds of the PTA and the Mf-ASSRs were significantly correlated (rZ 0.77e0.89).
We found that the measurement of Mf-ASSRs is easy and potentially time saving, provides
a response at all dichotic multiple frequencies of the conventional audiogram, reducesstitute of Occupational Safety and Health, Kaohsiung Medical University, No. 100, Shih-Chuan 1st
(C.-K. Ho).
vier Taiwan LLC. All rights reserved.
Mf-ASSR in evaluating noise-exposed workers 331variability in the interpretation of the responses, and correlates well with the behavioral
hearing thresholds in subjects with occupational noise-induced hearing impairment. Mf-ASSR
can be a valuable aid in the adjustment of compensation cases.
Copyright ª 2011, Elsevier Taiwan LLC. All rights reserved.Introduction
Noise hazard is one of the most common occupational
health problems. This type of noise exposure has generated
a sizable population of workers who meet the definition of
having experienced a work-related standard threshold shift
(an average threshold of 25 dB or greater at 2 kHz, 3 kHz,
and 4 kHz). Noise-induced hearing loss (NIHL), although not
medically or surgically treatable, is entirely preventable.
However, a great many workers were exposed to excessive
levels of noise before the introduction of mandatory
hearing conservation programs. In Taiwan, 31.6% of workers
have experienced NIHL of up to 25e40 dB, and 15.2% of
these workers have hearing loss of 40 dB or greater,
according to the report of the 2006 annual hearing moni-
toring system of workers in a noisy environment [1].
Because this condition is compensable, it is increasingly
common that otolaryngologists and occupational physicians
are expected to verify the existence and the severity of the
hearing impairment as a result of work-related, NIHL. An
objective investigation is sometimes needed in the case of
arbitration of financial disputes to resolve any medicolegal
aspects.
Evoked potential audiometry can objectively confirm
thresholds, and it is a valuable tool in adjusting compen-
sation cases. The auditory brainstem response (ABR) has
often been used to fulfill this role, and many studies have
proven the relationship between pure-tone audiometry
(PTA) and ABR wave patterns of sensorineural hearing loss.
Click and tone burst ABRs are commonly used to estimate
auditory sensitivity. ABR uses click stimuli, the most
common application in clinical. It is, however, limited to
high frequency specificity, especially in the 2-kHz to 4-kHz
range [2], whereas in speech, most of the acoustic power is
concentrated below 1 kHz. Consequently, the recom-
mended methods for the evaluation of hearing handicaps in
many countries are based on the average hearing level
between 0.5 kHz and 4 kHz. Therefore, for those individuals
whose hearing loss is mainly at the higher frequencies, the
hearing threshold is easily overestimated if it is based only
on the click-ABR response as an objective examination [3].
Other evoked potential tests that are candidates for
frequency-specific considerations include the ABR using
tone-burst stimuli, the slow vertex response, the middle
latency response, and the N1 component of the cortical
response. However, because they are very time consuming
and require great expertise to identify the responses, these
tests did not gain much popularity [4e6]. Swanepoel et al.
[7] reviewed the literature and specified some criteria for
the “perfect” auditory evoked response for estimating
behavioral auditory thresholds. It should provide a reason-
ably accurate assessment, an easily recorded and recog-
nizable response during the different states and at all ages,
present a response at all frequencies of the conventionalaudiogram, and the objective test procedures should be
performed as quickly as possible [7].
Because the auditory steady-state response (ASSR)
provides frequency-specific information and automatic
measurements, it could serve as an alternative objective
tool. The ASSR is a scalp-recorded auditory evoked poten-
tial using an amplitude-modulation/frequency-modulation
modulated tonal stimuli. Each stimulus is a continuous tone,
with a carrier frequency of 500e4,000 Hz at 100% ampli-
tude-modulated, and with a 20% frequency-modulated at
a modulation frequency of about 80e100 Hz. In 1995, Lins
and Picton [8] demonstrated that multiple responses can be
recorded simultaneously without loss of amplitude. The
application of ASSRs to simultaneous multiple stimuli has
allowed the rapid assessment of thresholds at different
frequencies, thereby shortening the test duration without
affecting its predictive efficacy [9,10]. Thus, this method
can be considered an attractive tool in predictive hearing
thresholds.
Many studies have reported on the relationships
between PTA and ASSR of sensorineural hearing loss.
However, to date, no studies are available on dichotic
multiple-frequency ASSRs (Mf-ASSRs) in workers with
occupational noise-induced permanent hearing impair-
ment. There is scant literature available reporting on the
prediction of hearing thresholds with Mf-ASSR for specific
audiometric configurations, such as noise-induced hearing
loss. Furthermore, the few studies that are available are
limited by the small case numbers because of the difficulty
in finding subjects with perfect normal hearing at 500 Hz
and 1,000 Hz, who have a very sharply sloping high-tone
hearing loss [11]. The aim of this study was to investigate
the use of dichotic Mf-ASSR in evaluating the hearing
thresholds of workers with permanent NIHL and to objec-
tively predict the configuration of the audiogram.Materials and methods
Thirty-four workers were recruited from the Kaohsiung
Chang Gung Memorial Hospital. They were randomly
selected from the 122 workers who had attended our
otolaryngology clinic between September and December
2007. They had enrolled in the annual government hearing
loss prevention program and were referred to this program
by their doctor in their factory to confirm any noise-induced
hearing impairment, which was detected primarily during
their annual hearing-screening test. The PTA results showed
that all of these subjects had sustained permanent NIHL.
Further Mf-ASSR examinations were carried out, and the
results were used for analysis, but only after the partici-
pants received a thorough explanation. The average age of
the participants was 48.1 7.4 years (ranging from 32.1
years to 60.0 years). The average number of years in the
332 R.-F. Hsu et al.workforce was 19.7 8.7 years (ranging from 4 years to 35
years). All participants were males, except one. None of
the subjects had ear infections, as determined by detailed
history taking and an otoscopic examination by the
attending physician.
All tests were carried out in a double-walled, sound-
proof booth at the audiological clinic of Chang Gung
Memorial Hospital. The PTA, tympanogram, speech
discrimination test, and Mf-ASSR measurements were all
performed on the same day.
PTA was conducted using a GSI 61 (Grason-Stadler Inc.,
Milford, CT, USA) clinical audiometer. Pure-tone thresholds
were obtained with pure tones at 0.25e8 kHz, although
only thresholds obtained for 0.5 kHz, 1.0 kHz, 2.0 kHz, and
4.0 kHz were used. All behavioral results included in the
study were considered reliable by the audiologists who
performed the tests.
The Bio-logic MASTERS Version 2.0 (Bio-logic System Corp,
Mundelein, IL, USA) was used to record the Mf-ASSRs. All
subjects were tested in a state of total relaxation, prefer-
ably sleeping, lying down in bed with their eyes closed.
Electrophysiological responses were recorded from an elec-
trolytic paste located at the posterior midline of the neck
just below the hairline (positive), the high forehead (nega-
tive), and the left shoulder (ground). Impedance levels were
under 5 kU at 10 Hz. Bio-logic insert earphones with foam
earplugs were used as transducers. Stimulus and recording
parameters were 100% amplitude modulated and 20%
frequency modulated at modulation frequencies of
70e110 Hz as default. In the dichotic testing stimulation,
eight stimuli were presented simultaneously to each subject.
The MASTERS software uses Fourier and statistical anal-
ysis techniques to determine whether the spectral compo-
nent in the response is significantly above the level of noise.
An F ratio (p< 0.05), automatically shown by the recording
computer, was assumed to indicate a significant response
from the background noise. To obtain the ASSR thresholds,
the level of the stimulus was decreased in 10-dB decrements
until a response could no longer be detected. Thresholds
were defined as the lowest intensity where a significant
response was present and where a nonsignificant responseFigure 1. Mean values of the thresholds of the PTA (A) and the AS
hearing impairment. Each error bar represents one standard error. T
at all frequencies of PTA and ASSR (p> 0.05) (nZ 34). ASSRZ audwas obtained at 10 dB lower than that which could be
automatically detected by the Bio-logic system.
Statistical evaluations were carried out using the SPSS
for Windows computer software (Version 15; SPSS Inc.,
Chicago, IL, USA) to compare and analyze the PTA and the
Mf-ASSRs of the 68 ears. Initial calculations assessed the
means and standard deviations of the thresholds of the PTA
and the Mf-ASSRs and the differences between them. The
relationships between the thresholds of the PTA and the Mf-
ASSRs in the NIHL workers were also evaluated using the
Pearson productemoment correlations and a regression
analysis that fitted the data with a line having the formula:
ðThreshold of PTAÞZinterceptþ slope ðMf ASSRÞ
Correlation coefficients and regressions were performed
separately for each of the four carrier frequencies. This
protocol was reviewed and approved by the local hospital
Institutional Review Board (IRB).
Results
Fig. 1 shows the mean PTA and Mf-ASSRs for frequencies
of 0.5e4 kHz presented at both the right and left ears.
However, statistical comparison using a paired t test
reveals that there is no significant difference between the
left and right ear PTA and Mf-ASSRs (p> 0.05). Fig. 2 shows
the audiogram of the thresholds of the PTA and the Mf-
ASSRs. In general, the Mf-ASSR threshold curves averaged
across subjects corresponded well with the thresholds of
the PTA contours averaged across subjects. The mean
threshold differences and standard deviations calculated
for this sample were 20 8, 16 9, 12 9, and 11 12 for
0.5 kHz, 1 kHz, 2 kHz, and 4 kHz, respectively. However,
there is a significant difference among the frequencies
using a one-way analysis of variance with repeated
measures (p< 0.05).
The relationships between Mf-ASSRs and the thresholds
of PTA for each individual test frequency were calculated.
The results are shown graphically in Fig. 3. The correla-
tions between the Mf-ASSRs and the thresholds of the PTASRs (B) (in dB hearing level) among workers with noise-induced
here is no significant difference between the left and right ears
itory steady-state response; PTAZ pure-tone audiometry.
Figure 2. The audiogram of the mean and standard devia-
tion of the thresholds of the PTA and the ASSR (nZ 68). ASSRZ
auditory steady-state response; PTAZ pure-tone audiometry.
Table 1 Percentage of the individual raw threshold
difference values (auditory steady-state response pure-
tone audiometry)
Difference (dB) 500 Hz 1,000 Hz 2,000 Hz 4,000 Hz
% % % %
<0 0.0 0.0 2.9 7.4
0e10 10.3 38.2 54.5 48.5
11e20 57.4 41.2 27.9 32.4
21e30 25.0 14.7 11.8 8.8
>30 7.3 5.9 2.9 2.9
Total 100 100 100 100
Each cell represents the proportion, calculated separately for
each explored frequency.
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0.82, 0.89, and 0.77, for 500 Hz, 1,000 Hz, 2,000 Hz, and
4,000 Hz, respectively). The linear regression equations
for each stimulus frequency are shown in each panel of
Fig. 3.
The frequency distribution of the individual raw differ-
ence scores was calculated. The Mf-ASSR thresholds wereFigure 3. The linear correlation between the thresholds of the P
for each of the carrier frequencies. The solid line in each plot repre
ASSRZ auditory steady-state response; PTAZ pure-tone audiometdetected within 20 dB from the corresponding thresholds of
the PTA in 67.7%, 79.4%, 85.3%, and 88.3% of the subjects
for frequencies of 500 Hz, 1,000 Hz, 2,000 Hz, and
4,000 Hz, respectively (Table 1).
Discussion
Diagnosis of noise-induced hearing impairment basically
depends on whether there is a history of unprotected
exposure to high noise levels for an extended period of timeTA and the ASSR in the 68 ears. A scatterplot diagram is shown
sents the regression line calculated for each carrier frequency.
ry.
Table 2 A summary of the differences between the thresholds of auditory steady-state responses and the pure-tone audi-
ometry from the present study and previous literature on the multiple-stimuli technique in adults
Comparisons Study cases (n) 500 Hz 1,000 Hz 2,000 Hz 4,000 Hz
Diff r Diff r Diff r Diff r
Present study NIHL (68) 20 8 0.78 16 9 0.82 12 9 0.89 11 12 0.77
Dimitrijevic et al. [17] SNHL (59) 13 11 0.85 5 8 0.94 5 9 0.95 8 11 0.95
Herdman & Stapells [16] SNHL (29) 14 13 0.75 8 9 0.89 10 10 0.88 3 10 0.85
Vander Werff & Brown [11] SNHL (20)þ NH (10) 18 10 0.87 12 8 0.93 9 7 0.97 8 7 0.97
diff (difference)Zmean and standard deviation of thresholds of ASSR minus PTA; NHZ normal hearing; NIHLZ noise-induced hearing
loss; nZ number of ears tested; rZ regression correlations; SNHLZ sensorineural hearing impairment.
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because the workplaces of their company are all listed in
the government guidelines for noise control at work.
Another requirement for the diagnosis of NIHL was high-
frequency hearing impairment and a typical downward
trend in the PTA in the 3-kHz to 6-kHz range [13]. The
results of our study show that the shapes of the Mf-ASSRs
clearly follow the PTA. This indicates that Mf-ASSR is an
accurate tool for the verification of the PTA in this pop-
ulation. Similar conclusions can be drawn from the ASSR
results reported by other authors [11,14e16].
Furthermore, to answer the question of the amount of
NIHL that is needed to quantify the diagnosis requires
reliable and objective measurements. The results of our
study revealed a highly statistically significant correlation
of the Mf-ASSR analysis with the thresholds of the PTA for
individuals with noise-induced hearing impairment. Our
results show that linear regression analyses can be used to
describe the relationship between the thresholds of PTA
and Mf-ASSRs. Despite subject and system variables, the
results from our study were compatible with those of
previous studies that reported correlations between ASSR
and thresholds of PTA, with r values ranging from 0.70 to
0.99 [11,14e18]. We summarized the present study and
relevant previous literatures regarding the multiple-stimuli
technique of dichotic Mf-ASSR in adults (Table 2).
The simplest method for predicting the thresholds of
PTA from Mf-ASSRs would be to subtract a fixed correction
factor, rather than using calculations involving regression
equations, especially because the slopes of the regression
equations for all frequencies are very close to 1.0. The
physiological threshold (e.g. ASSR) is usually higher than
the behavioral threshold (e.g. PTA), and the difference may
vary with the frequency. Mf-ASSRs are, on average,
between 11 dB and 20 dB higher than the thresholds of PTA.
The mean differences of the thresholds in this investigation
fall within the range reported by other researchers. Dimi-
trijevic et al. [17] reported that multiple-frequency stimuli
revealed mean differences of 4e18 dB between the
behavioral and ASSR thresholds, whereas Picton et al. [19]
found that these differences ranged from 12 dB to 27 dB.
In our study, there were only five ears (7.4%) in which the
Mf-ASSR threshold was lower than the threshold of the PTA
at 4,000 Hz (all within 15 dB; two ears were 15 dB, two
were 10 dB, and one was 5 dB) when the subtraction
method was used. There were only two ears in which the
Mf-ASSR thresholds were underestimated at 2,000 Hz (both
were 10 dB lower than the threshold of PTA), and nounderestimation was noted at either 0.5 Hz or 1 kHz.
However, there is still a characteristic tendency in these
special NIHL groups. There are possible factors that may
contribute to this tendency seen in the literature, such as
the special audiometric configuration or the fundamental
nature of the hearing loss caused by noise exposure.
However, no study has presented the predicted hearing
thresholds of Mf-ASSRs for workers with noise-induced
hearing impairment, and further investigations should be
conducted. In our study, the poorest correlations and the
largest differences between Mf-ASSRs and thresholds of PTA
were found at 500 Hz. The hypothesis put forth by Lins
et al. [14] in 1996 may explain this result. The 500-Hz
amplitude-modulation stimulus activates a broader area of
the basilar membrane and increases the travel time to the
apical region of the cochlea, which in turn, may induce
more latency jitter between responses than would normally
be produced by higher-frequency stimuli [14].
The ideal test for evaluating adults requesting
compensation, who may not provide valid behavioral
hearing thresholds, or for subjects who cannot volunteer
reliable behavioral responses, should be independent of the
measures themselves. It is, therefore, always advisable to
combine several audiometric tests and objective evoked
potentials. If possible, the combined use of ABR and ASSR is
better, because these two objective evoked potentials can
confirm each other [20]. However, in clinical practice, it is
often difficult to carry out both tests in the same time
period. Because ASSR is frequency specific and reduces
variability in the interpretation of the responses by auto-
matic detection, it is potentially time saving. In addition, it
correlates well with the behavioral hearing thresholds.
Multiple-frequency simultaneous-stimuli ASSR has proven to
be a better tool for confirming thresholds and is a valuable
aid in adjusting compensation cases. We highly endorse the
use of ASSR in predicting hearing thresholds in NIHL
subjects.
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